Soil and granular materials stabilization with hydraulic cements is an interesting solution as stiffness and strength are highly improved. It is especially attractive when high traffic loads with considerable number of passages are expected and high mechanical properties of subgrade soils are required. Furthermore, such improvement allows reducing the amount of natural soils to be disposed for the fact of being rehabilitated, with significant environmental and economic advantages. Many authors have studied the cyclic behaviour of soils and soft rocks and others have studied soil-cement mixtures under static conditions. However, few studies have been published on soil-cement mixtures in cyclic conditions, particularly with a high number of cycles. The purpose of this paper is to analyse the behaviour of some mixtures of cement-treated soil subjected to long term cyclic loading in order to contribute to the identification of rational criteria for design of subgrades for transportation infrastructures. The soil used is a well-graded silty sand remoulded from the weathered horizons of Porto granite, the most common rock in the north-western region of Portugal. The cement added to the soil varied in four percentages from 0 to 7% of mass of the uncemented soil. For each of these cement contents, two specimens were moulded with two initial void ratios. The study included an extensive set of long-duration drained cyclic triaxial tests, performed under stress-controlled conditions using an automatic hydraulic system with cells containing high-precision internal axial and radial strain gauges. The scope of the triaxial cyclic tests is to study the evolution of the accumulation of permanent strain in cemented and uncemented specimens subjected to cyclic loading.
Introduction
The improvement of soil by the addition of hydraulic cement as an alternative to traditional techniques in geotechnical engineering is a very interesting solution. Due to the growing constraints imposed by environmental issues, the use of large amounts of soil has been conditioned. Moreover, the Procedia Engineering Volume 143, 2016, Pages 178-186 Advances in Transportation Geotechnics 3 . The 3rd International Conference on Transportation Geotechnics (ICTG 2016) costs of transport of such quantities have more and more increased over the years. Another problem related to untreated soils is the degradation of subgrades in highway-pavement and railway-track support systems, giving rise to high maintenance costs and reduced serviceability. The main causes of deterioration are the accumulation of plastic deformation and the resilient cyclic deformation leading to pavement cracking by fatigue. Soil and granular materials stabilization with hydraulic cements is an interesting solution as stiffness and strength are highly improved by the treatment. It is especially attractive when high traffic loads with considerable number of passages are expected and high mechanical properties of subgrade soils are required. Furthermore, such a mixture allows reducing the amount of natural soil to be used, with environmental and economic savings. Many authors have studied the cyclic behaviour of soils and soft rocks and others have studied soil-cement mixtures under static conditions. However, few studies have been published on soil-cement mixtures in cyclic conditions and with a great number of cycles (e.g. Viana da Fonseca et al., 2013) . It is also interesting to note that although European Committee for Standardization (CEN) has already concluded a standard on "Cyclic load triaxial test for unbound mixtures" (CEN, 2004) there is still a lack in the equivalent for hydraulic bound mixtures.
The present paper presents a study of the behaviour of some mixtures of cement-treated aggregate subjected to long term cyclic loading in order to contribute to the identification of rational criteria for design of subgrades for transportation infrastructures. The basis of this experimental study is formed by a complete set of triaxial cyclic tests with a large number of cycles (up to one million), performed in a stress-controlled press suitable for cyclic loadings.
Through the use of proper instrumentation the axial and volumetric deformations were registered in order to study the evolution of the accumulation of permanent strain during cyclic loading and infer possible trends.
Material Description
The soil used in this study is a remoulded well-graded silty sand originated by the weathering of Porto granite, the most common rock in the north-western region of Portugal. The soil in its natural state was described in detail by Viana da Fonseca (2003) and Viana da Fonseca et al. (2006) . As shown by Viana da Fonseca (2003) , this soil in its natural state has some variability in the grain distribution curve, even if extracted in the same site.
Because of this non homogeneity (typical of residual soils), other authors [Rios (2011 ), Amaral (2012 ] who have studied this soil in remoulded conditions, decided to correct the soil grain distribution curve in order to obtain a consistent research work and to meet the Portuguese specifications for soilcement mixtures. Such a correction was adopted in the present paper. Some corrected grain distribution curves used are shown in Figure 1 . This soil is classified as a silty sand (SM) according to the unified classification system (USCS -ASTM, 1998) being a very well graded soil. The results of the physical identification tests are shown in Table 1 . Being γs the particle unit weight, Cu the uniformity coefficient, D50 the largest diameter for 50% of passing particles in weight, and Cc the curvature coefficient. 
Cement
Portland cement of high initial strength (CEM I 52,5 R) was used as the cementing agent of these mixtures. This type of cement has a rapid increase of strength and reaches nominal strength within 28 days. This cement presents more than 95% of clinker and its mechanical characteristics are shown in Secil (2015) . The unit mass of this cement is 3.1 g/cm 3 .
Experimental Program
The experimental program includes eight drained cyclic triaxial tests performed over cylindrical specimens with same dimensions (diameter D and height H). Table 2 reports the physical properties of each specimen. As shown in the table, the specimens have two different initial void ratios (e0) and four different cement content (%C), including uncemented specimens. The moulding water content is constant for all the specimens (12%) and equal to the optimum water content determined by Proctor test (Rios, 2011) . The set of specimen to be tested is divided into two groups (e1 and e2), each one characterized by a single value of initial voids ratio (0.60 and 0.75, respectively). Each group is formed by an uncemented specimen of soil and 3 other specimens with different cement contents (3, 5 and 7%) .
The values of deviatoric cyclic loading were selected in order to be within the elastic domain for each soil specimen. For this reason, the deviatoric stress applied ranged between 10 and 20% of the ultimate deviatoric stress of each mixture. The number of cycles to be reached for each test is one million cycles. However, this limit was not attained in all the tests due to technical difficulties. Nevertheless, only tests with at least 500000 cycles were accepted.
Moulding
In order to keep constant the grain size distribution of each specimen, an amount of fines equal to the weight of cement to be introduced was previously removed from the soil used to mould the specimens. Soil and cement were mixed until a uniform consistency was obtained. Water was then added continuing the mixture process until a homogeneous paste was created.
Next, compaction was performed using the method proposed by Ladd (1978) and adopted by many authors [Consoli et al. (2007) ; Rios (2011) ]. The correct weight of soil-cement mixture was placed into a cylindrical stainless steel lubricated mould and statically compacted in three layers to reach the specified dry density. The sample was extracted (with a hand operated vertical extruder) from the mould 12 hours after this process in order to prevent swelling.
The water content of the mixture, the weight and dimensions of the specimen were carefully measured. The specimen was considered suitable for testing if it met the following tolerances: (a) dry density (γd) within ±1% of target value; (b) moisture content (w) within ±0.5% of the target value; (c) diameter within ±1 mm; (d) height within ±2 mm. The cemented specimens were placed in a plastic bag and cured in a humid chamber at 23°C ±2°C and a relative humidity above 95% for 28 days.
Equipment
All the tests were performed in the Geotechnical Laboratory of FEUP (LabGeo) in a dynamic frame with actuators for static and cyclic loading and dedicated hardware and software, load cells and internal transducers. The apparatus was developed by the Institute of Mechanical Engineering and Industrial Management (IDMEC) of the University of Porto, under specifications of the LabGeo. It mainly consists of a hydraulic unit, triaxial cell and measurement devices. A pressure regulation system is responsible for pressurizing the water used during the test.
Hydraulic Unit
The hydraulic unit is responsible for pressurizing the oil circuit that allows the actuation of the servo actuator. It is based on a variable displacement axial piston pump and it is controlled through a computer. The unit can induce axial loads through a vertical actuator capable to act in cyclic conditions up to 5 Hz and until a maximum load of 10 kN. The loading frame consists of a base, two columns threaded on top and a traverse equipped with a set of screwing nuts for height adjustment.
The system is controlled via the dedicated software Dynatester ® , operating in Windows XP ® . It is configured according to the hardware specificities of the system and it can impose various combinations of loading or displacement (e.g. ramp, constant and sinusoidal).
Triaxial Cell and Measurement Devices
The cell is made of a stainless metal, with an acrylic plastic transparent cylindrical body that allows the observation of the evolution of the specimen shape during the test from the outside of the cell. The cell is reinforced with rings of bonded fiberglass for withstanding pressures up to 1700 kN/m 2 . In order to guarantee the continuity of the loading action (forward and reverse), the frame piston is attached to the actuator through a connection.
The measurement items include: an internal submergible load cell; three cell pressure gauges, measuring the confining pressure inside the cell and the pore pressures at the top and bottom of the specimen; three linear variable displacement transducers (LVDTs) directly attached to the specimen, enabling the accurate measurement of axial deformation; a volume gauge with a capacity of 100 cm 3 measuring the volumetric deformation of the specimen.
Pressure regulation is performed through a motorized air compressor system or using two digital pressure/volume controllers (manufactured by GDS © ). These are especially useful during saturation and consolidation, since it is possible to program a linear and slow variation of pressure during these phases. During cyclic loading the air compressor system was used as its response is faster.
Testing Procedure
The specimen, positioned onto the base pedestal, was equipped with rigid porous discs and filterpaper discs. A rubber membrane was positioned onto the specimen and sealed with four rubber O-rings. The three internal LVDTs were positioned onto the lateral surface of the sample, at a horizontal angle of 120º from each other. The two brackets of each gauge were glued at 1/4 and 3/4 of the specimen height. The cell body was closed and filled with distilled tap water. The saturation of the specimen was performed in two stages. First, by percolating water upwards through the specimen with a cell pressure of 25 kPa and a back pressure at the bottom of 15 kPa, leaving the upper end of the specimen connected to the atmospheric pressure. Then, the specimen was isolated from the exterior and the pore water pressure was increased in a controlled manner, by the application of back pressure, so that air in the voids was dissolute. The cell pressure was increased along in order to maintain a differential of 10 kPa between the cell pressure and the back pressure. The final back pressure was assumed equal to 500 kPa, as for the used mixtures it assures the complete saturation in most of these cases (Viana da Fonseca et al, 2013) .
A manual check of the B pore pressure parameter value (Skempton, 1954) was done for all specimens. This control is not sufficient by itself to assure complete saturation, as it is reported by many authors that for structured specimens the reading of the parameter B is not always reliable. Nevertheless, complete saturation for the imposed back pressure was verified many times in earlier works (conducted on the same material and in the same conditions) through P wave velocity measurements [Rios (2011 ), Amaral (2012 The specimen was then allowed to consolidate isotropically up to 40 kPa of effective confining pressure. This value is typical of a shallow soil layer, such as a subgrade layer of a transportation infrastructure.
The actuator was then started using the proper software and the ram was slowly leant on the top cap until the load reached the minimum value of the designed cyclic load. Then this value was maintained until the excess pore water pressure was dissipated and the sinusoidal cyclic loading could start with a loading frequency of 1 Hz, which is a value that guarantees the absence of dynamic effects in the test.
Results
During the tests, permanent strain was generated as an effect of the cyclic loading. The evolution of this accumulation is shown in the following graphs.
The accumulated permanent strain was distinguished in its axial and volumetric components. The first is measured by the axial strain gauges while the latter is registered by the volumetric gauge. The results are shown in Figure 2 and Figure 3 in a semi-logarithmic scale. This representation is more suitable for the data retrieved since it emphasises the first cycles, where the rate of accumulation is in general higher than in the subsequent cycles. For axial strain, the results of the uncemented specimens were plotted in a different scale than the cemented specimens, because the strain is much higher in this case. The graphs indicate that for cemented specimens the plastic strain grows with a slow rate for the first 10000 cycles and increase significantly after that. For uncemented specimens the plastic strain develops from the beginning of the tests and its rate does not seem to change significantly. This different behaviour evidences the influence of cementation: while the bonds are intact, the structure of the soil remains mostly undisturbed and, after that, plastic strain appears in the granular matrix. Moreover, as expected specimens with higher cement contents undergo lower accumulated strain during cycling load.
The volumetric permanent strain is positive in the first 10000 cycles (close to zero for cemented specimens) and then it becomes negative, showing a dilatant behaviour. This is in accordance with the principles of critical state soil mechanics, which foresee a brittle and dilatant behaviour for specimens with low confining pressure.
Discussion
From the analysis of the axial strain accumulation, one can see that the cemented specimens show a double logarithmic trend, while the uncemented specimens show a single-logarithmic trend (Figure 4 and Figure 5 ). All these trends (except for one) fit very well with the experimental data, with high coefficients of determination (above 0.7).
As pointed out in the precedent section, the transition point between the two trends is dependent on the cement content: as shown in Figure 4 , for the test with 3% of cement content, the transition between the two trends occurs before cycle 10000, while for 5% and 7% the change in trend ensues after that. A similar behaviour is shown in Figure 5 for the second group of tests. As the cement content increase, the behaviour is stiffer but more brittle: specimens with higher cement content present a lower slope in the first part but a higher increase of slope in the second part. This is evident comparing the slopes (reported in figure) of the two trends for each test: in test TC_3%_e1 the slope of the second trend (6.49e-5) is 12 times higher than the slope of the first trend (5.279e-6). This increase is more evident in tests TC_5%_e1 and TC_7%_e1, with 17 and 30, respectively. The ratios for the second group of tests (e2 = 0.60) reported in Table 3 Comparing tests with same cement content and different initial void ratio, it is evident that the ratio of the trends is lower for specimens with lower void ratio. This behaviour is associated to the higher compaction, which increases the number of cement bonds between the particles of the granular matrix and makes the loss of structure less abrupt.
As for the volumetric strain, after a first part of small positive accumulation, the trend is dilatant and again is well fitted with a logarithmic trend line. The accumulation seems to stabilize for the uncemented specimens, while it seems to continue indefinitely for the cemented ones (except for the TC_5%_e1). This is due to the fact that cemented specimens have higher preconsolidation pressure, thus their over consolidation ratio (OCR) is higher than for uncemented specimens and thus dilatancy is greater.
Conclusions
An extensive experimental study was conducted over eight specimens of cemented residual soil, ranging two different initial void ratios and four cement contents (including uncemented specimens).
Each specimen was submitted to a drained cyclic triaxial test with a very high number of cycles (up to one million). The confining pressure was equal for all the tests (40 kPa) and typical of a subgrade layer of a transportation infrastructure. The deviatoric stress ranged 10 to 20% of the yielding stress of each mixture. This low level of stress allowed to investigate the elastic domain of the material and thus studying the long term accumulated strain due solely to fatigue and not to plastic yielding. Such a high number of cycles is a novelty in the field of cyclic tests as the majority of the studies present in literature ranges a small number of cycles (typically up to 1000). There is also a lack of technical standards on cemented material in cyclic loading as the present standards only involve uncemented materials and only up to 20000 cycles.
The experimental program, carried out in the LabGeo (University of Porto) in an apparatus manufactured on purpose, proved that the accumulated strain evolves far beyond 20000 cycles even with such a small level of stress. The results of the axial strain accumulation show that cemented specimens have a logarithmic trend of accumulation up to a threshold where the trend switch to a steeper -still logarithmic -trend. This is an effect of the loss of structure of the cemented specimens, in fact such a switch is not present in uncemented specimens. Specimens with higher cement content and initial void ratio show a stiffer and more brittle behaviour, as the loss of structure is sharper than in the less cemented and more compacted specimens.
The volumetric strain shows a negative accumulation for all the specimens, as typical of overconsolidated specimens. This expansion is higher for cemented specimens, which have a greater OCR.
Future developments may include new tests with the same mixtures and different confining pressures, so other OCRs could be investigated and the elastic domain of the material could be fully investigated. A constitutive modelling of such a cyclic load could be performed by using an elastoplastic model with a kinematic hardening rule, as the classic Cam-clay based models cannot account for plastic strain inside the elastic domain.
